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Mmeasurements. Pre-TRMM activities include development of precipitation algorithms
using existing satellite data, computer simulations, and measurements from limited aircraft
campaigns. Since the TRMM radar will be the fist spaceborne precipitation radar, there is
limited experience with such measurements, and only recently have airborne radars
become available that can attempt to address the issue of the limitations of a spaceborne
radar. There are many questions regarding how much attenuation occurs in various cloud
types and the effect of cloud vertical motions on the estimation of precipitation rates. The
EDOP program being developed by NASA GSFC will provide data useful for testing both
rain-retrieval algorithms and the importance of vertical motions on the rain measurements.
The purpose of this report is to describe the design and development of real-time
embedded parallel algorithms used by EDOP to extract reflectivity and Doppler products
(velocity, spectrum width, and signal-to-noise ratio) as the first step in the aforementioned

goals.
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Chapter 1 - Introduction

1.0 Introduction

Global climate models depend upon knowledge of the atmospheric variables on a
worldwide scale. Though satellites have greatly improved the inputs to these models,
much remains to be done before inputs are adequate for long-range forecasts and study of
major global changes. In particular, we can only crudely model the major heat exchange
between atmosphere and surface that takes place in tropical rainfall (Simpson, 1988).
Current models for global circulation depend largely on sparsely-spaced upper-air
soundings and surface measurements at infrequent intervals in time and space. Moreover,
lack of most meteorological parameters on model grid scales (200 km) at the surface and
aloft over the oceans represents a major gap in knowledge. Clearly this information is a

requirement to improve global circulation models.

Tropical rainfall is critical to the distribution of life-giving water throughout our Earth
system. Over two-thirds of the worldwide precipitation falls in the Tropics, releasing
latent heat and thereby powering the global atmospheric circulation that shapes our world
climate. English scientist G. Hadley (18th century) was the first to understand the central
role played by tropical rainfall in shaping Earth's climate. In brief, cool low-level moist air
flowing toward the equator replaces heated equatorial air as it ascends and moves toward
the poles at high altitudes. Stored solar energy is released as latent heat when the water
vapor condenses into cloud clusters or Hadley cells reaching hundreds of kilometers in
horizontal extent. Of these, perhaps one in ten deepens into a tropical cyclone. The solar
energy released as latent heat by raining tropical clouds is the main source of energy for
global atmospheric motions. In fact, low-level Hadley circulation carries evaporated water
from over one-half the earth's surface into the Inter Tropical Convergence Zone (ITCZ)

where it is precipitated by raining tropical systems.



Rainfall in the Tropics additionally plays a fundamental role in the El Nifio climate
anomalies whose disruptions to worldwide precipitation patterns trigger floods and
drought around the globe. It's four- to five-year-average cycle is associated with
anomalous warming of equatorial surface waters extending from the Eastern Pacific to the
coast of South America. This warming is nearly always accompanied by large-scale shifts
in atmospheric pressure that go from the East to the West Pacific and back in an
oscillatory manner often referred to as the Southern Oscillation. The El Nifio and
Southern Oscillation are merely two manifestations of the same climatic disturbance—the

ENSO event.

The importance of determining, at least climatologically, the rainfall in the Tropics is the
subject of many papers and reports leading to the Tropical Rainfall Measurement Mission
(TRMM). Lau et al. state that latent heating by precipitation causes about 40% of the
energy flux to and from the atmosphere. This takes place largely in poorly instrumented
tropical regions: oceans with little ship traffic and less-developed land areas with few
weather stations. The information on this rainfall is so sparse that we do not even have
adequate climatological data, much less synoptic data. The purpose of TRMM is to

provide a first look at this climatology globally below 35° latitude.

Whereas TRMM will be able to measure rainfall rates on a climatological basis, it cannot
provide wind velocities over the same tropical environment. Observations of horizontal
winds and convection on a global scale are necessary for advancing our knowledge of
large-scale atmospheric circulation and climate dynamics, thereby improving our
understanding of the global biogeochemical and hydrologic cycles. Wind measurements
are particularly important in the Tropics where there are few observing stations—indeed,

it has been suggested (NASA, 1987) that wind profiles are the single most important new



data source because of their potential for dramatically advancing our skill at Numerical

Weather Prediction (NWP).

1.1 Earth System Interactions
The atmosphere, oceans, and land biomass systems are closely coupled through the
unifying role of global hydrology. Because of this, studies of rainfall are essential to gain

deeper understanding of our Earth system.

General Circulation Models (GCM) simulate general atmospheric features to investigate
the climate variations that take place on a variety of temporal scales.’ Existing GCM
predictions are extremely sensitive to the assumed vertical distribution of latent heating by
equatorial cloud systems; however, the vertical distribution of cloud layers is poorly
observed. This casts doubts on our understanding of the role played by clouds in the
climate system and their effects on the surface-radiation balance and profile of heat

absorption and re-radiation throughout the atmosphere.

The response of cloud systems to environment is an important link in a chain of processes
responsible for monsoons, ENSO events, and other climate variations. Numerical models
of precipitation systems provide essential insights to the interaction of clouds with each
other, their surroundings, and land/ocean surfaces. They are needed to convert rain-rates
derived utilizing radiometric temperatures from spaceborne microwave and radiometers
into latent-heating profiles. Such models further aid computations of the total energy
budget, which consists of radiative and latent heating effects. Though poorly observed,
cloud profiles strongly impact the hydrologic and carbon cycle. Clearly, improved
observations of clouds are critical for updating global circulation models used in climate

prediction.



Ocean-atmosphere interactions likewise render a key role in the Earth system. For
example, as horizontal winds stress the sea surface, oceanic circulations develop
influencing the transport of heat across the ocean-atmosphere boundary. Fresh water
from precipitation further alters sea-surface temperatures as do clouds that shield the
ocean surface from solar radiation. The result is a complex web of interaction between the

wind and water that acts to regulate our climate.

In equatorial forest regions, tropical rainfall directly influences the terrestrial water and
energy balance. Widespread cloudiness shields tropical forests from direct sunlight
encouraging high growth rates and a large standing biomass. Most of the water received
as rainfall is returned to the atmosphere in ten-day cycles through evaporation and
transpiration, leading us to view the tropical forest and atmosphere as a single water and
energy regulation system. Forests and soils are also a major source of many atmospheric
trace constituents (e.g., carbon monoxide, methane, and the hydroxy! radical) that are
taken into the lower atmosphere during convective rainstorms. This exchange provides a
direct link between rainfall and the global biogeochemical cycles that regulate life on

Earth.

1.2 What now?

Existing spaceborne atmospheric sensors are passive in the visible, infrared (IR), and
microwave parts of the spectrum, and the measured radiometric temperatures are
vertically integrated quantities. The visible and IR instruments sense upwelling radiation
near cloud tops. Passive-microwave instruments provide integrated liquid water and
water vapor estimates. Thus, interpretations of these temperatures to retrieve physical
quantities are often difficult and frequently necessitate the use of complementary
instruments to provide vertical structure because of the inherent lack of passive, vertical-

profiling capability. Now we can look forward to development and deployment of



spaceborne radars to provide vertical precipitation strycture for meteorology. The first of
these will be on the TRMM, scheduled for launch in 1997, and will provide vertical
precipitation profiles using the radar reflectivity. Such measurements can then be

combined with cloud models to estimate profiles of latent heating.

The basic problem with existing studies is that they have been tested with limited aircraft
data. Intensive aircraft campaigns are necessary to validate cloud models and algorithms
as well as provide case studies and reference measurements for their spaceborne
counterparts. To test them, both radars and radiometers must fly above thunderstorms
and precipitation systems in regions where surface measurements of precipitation are
available. Whereas surface measurements provide rain rates and total rain amounts
directly, aircraft or satellite measurements provide only indirect indications of the rain rate
from the backscattered power (or radar reflectivity). These estimates are based on
empirical relations and can be ambiguous. For example, they assume that vertical air
motions in clouds are negligible, when in fact they can be substantial. Existing rain-
retrieval algorithms fail to utilize knowledge of vertical wind motions because they are
unavailable. While it has been argued that these errors are minimized in the monthly-
averaged data such as will be provided by TRMM, it is desirable to more closely examine
the effect of vertical motions on rain-rate estimates using aircraft instrumented with radar

and radiometers.

An X-band Doppler radar, the EDOP developed by the National Aeronautics and Space
Administration's Goddard Space Flight Center (NASA GSFC), has now begun flying at
high altitude on the ER-2 aircraft (Heymsfield et al., 1989; Heymsfield et al., 1993). This
system will make possible the testing of algorithms for rain retrieval, the concepts for

radar wind measurement, and the validation of existing cloud models.



1.3 Purpose of this paper

The purpose of this Masters project is to document the design and development of real-
time embedded parallel-processing algorithms executed by the EDOP Data System. These
algorithms reduce raw radar measurements to reflectivity and Doppler products (velocity,
spectrum width, and signal-to-noise ratio) resulting an effective compression of the raw

data exceeding 400:1.

To provide the reader with necessary background material, Chapter Two introduces
EDOP's scientific objectives and compares the role of EDOP to existing airborne radars in

meeting these needs.

EDOP is understandably a complicated system and discussion of its signal processing
algorithms is incomplete without an overview of the system design. Chapter Three
examines the RF and digital hardware in limited detail to give the reader an appreciation of
the interaction between various system components during operation and the manner in

which they constrain algorithm development.

The design and development of the reflectivity and Doppler signal-processing algorithms
are investigated in detail in Chapter Four. This chapter forms the basis for this report and

additionally derives estimates of the measurement accuracies.

Chapter Five concludes this report by exploring the remaining tasks needing completion
before EDOP fully meets its specified operational state. Two remaining tasks of particular
importance include nadir antenna stabilization and development of an automatic gain
control to prevent receiver saturation due to the large dynamic range of received weather

echoes.
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Chapter Two - Background

2.0 Historical Digression

The earliest known treatises on meteorology date back to Aristotle's (384-322 B.C)
publication of Meteorologica. Though his pupil, Theophrastus, continued the work of
writing about winds and weather signs, progress was excruciatingly slow for the next 2000
years—Ilargely due to a lack of instruments for observing the primary measurables. The
early seventeenth century heralded rapid growth in meteorological research due to the
invention of the thermometer (Galileo, 1607) and barometer (Evangelista Torricelli, 1643)
as well as the discovery of Boyle's Law (1659). Less than forty years later, Edmund
Halley (1696) ushered the era of Earth System Science through his attempt to explain
general circulation by variable surface heating. Further attempts were made to explain
atmospheric motions during the 1700's (Hadley, 1735; Lavoisier, 1783), but it wasn't until
John Dalton realized in 1800 the relation between expanding air and atmospheric
condensation that the physical basis of modern meteorology was established. Between
1800 and 1815, J. B. Lamarck, with the help of Lavoisier, Laplace, and others, created the
first international compilation of weather observations. These synoptic observations
affirmed the existence of characteristic patterns of pressure, temperature, winds, and,
moreover, empirical rules for their development, movement, and the consequent weather
changes. Such knowledge was of immediate benefit to the large number of sailing ship
captains who invested in M. F. Maury's 1848 publication of global wind-field maps. The
development of rubber balloons (1890's) led to the frequent sampling of the upper
atmosphere by France, Germany, and England. Observations of winds aloft could then be

made by watching the motion of the balloons, provided they didn't enter the clouds!

The first verified report of a precipitation-radar echo was by a 10 cm system that tracked a

shower to a distance of seven miles off the English Coast on 20 February, 1941. Some
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very weak echoes were thought to be attributed to storms as early as 1938; however, the
detection of hydrometeors was severely limited by the fact that available methods of RF
power generation resulted maximum frequencies between 200 and 400 MHz. The
subsequent development of the highly secret British magnetron expanded the boundary to
3000 MHz (S-band) and later 10,000 MHz (X-band) inspiring the genesis of radar

meteorology.

2.1 Scientific Objectives

The EDOP radar's major justification is to provide a means to study the dynamic and
hydrometeor structure of thunderstorms and mesoscale convective systems using a
comprehensive instrument package on the ER-2. The aim is to improve the
understanding of thunderstorms and larger scale or mesoscale convective systems using
present and future satellites (e.g. GOES, TRMM, EOS-MIMR). Specifically, EDOP's
scientific objectives are to provide radar data in conjunction with the multi-frequency

measurements from other ER-2 complementary instruments to:

* Better understand the structure of deep isolated thunderstorms,

® Determine the structure and dynamics of both the overshooting and anvil
portions of individual thunderstorms,

* Define the mesoscale structure and dynamics of mesoscale convective systems
(MCS) including squall lines and mesoscale convective complexes,

® Better understand the cloud microphysics in isolated thunderstorms and
MCS’s,

* Test proposed satellite passive- and active-microwave precipitation-estimation

algorithms.
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2.1.1 Structure of deep isolated thunderstorms

It is of interest to utilize satellite IR imagery for nowcasting of thunderstorms,
precipitation estimation, and studies of thunderstorm anvil structure. Intense midwest
thunderstorms frequently exhibit peak vertical-wind motions of 40-50 m/s and
reflectivities exceeding 60 dBZ with large hail in the vicinity of the updraft core.
Numerous studies have probed the updraft structure utilizing multiple ground-based
Doppler radars by integration of the mass-continuity equation which uses horizontal wind
measurements to deduce vertical wind speeds. Yet these vertical-wind speeds estimates
often have accuracies only to within a few meters per second. Contamination of radial
velocities by ground clutter and weak signal-to-noise ratios (SNR) result in inadequate
estimates of mass divergence in the boundary layer leading to poor estimates of vertical
velocities (w). Interpolation of radial velocities from different radars to a common 3-
dimensional grid, grid filtering, and estimation of top and bottom boundary conditions
required for w calculations further degrade vertical velocity accuracy. Moreover, typical
radar sampling resolutions limit resolvable scales of motion to greater than 5 km

(Carbone, 1985). A vertically pointing airborne radar can mitigate these problems.

2.1.2 Anvil structure and dynamics

Satellite infrared observations of severe thunderstorms frequently show a thermal couplet
near cloud tops and a "V" shaped region of cold temperatures on the anvil scale
(Heymsfield et al, 1983). Explanations of these phenomena are controversial; however, it
is generally accepted that cloud air is warmed as overshooting and negatively buoyant
updraft air subsides downwind of the cloud top (Heymsfield, 1983; Schlesinger, 1984;
Adler and Mack, 1986). An alternative explanation (Heymsfield and Blackmer, 1988),
schematically illustrated in Figure 2-1, is based on the generation of lee waves by
stratospheric flow over the penetrating cloud tops; however, no insitu data exist to

confirm the various hypotheses. This inadequate knowledge of vertical-motion structure
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A. VERTICAL VIEW

Updraft Air
Stratospheric Flow
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—_——

= Ambient Flow
0 Subsidence

Figure 2-1:

Schematic of cloud-top structure for a
Midwest severe thunderstorm (Heymsfield, 1979)



and precipitation profiles hampers effective utilization of GOES imagery to deduce the

mixing of penetrating updraft air with stratospheric air.

Both airborne and ground-based radars typically determine vertical velocity by integrating
horizontal winds using the mass-continuity equation. The limits of integration require
knowledge of the top and bottom boundary conditions; however, existing radars regularly
fail to see the small ice crystals in the tops of storms, and the resulting ambiguous
estimates of the top boundary introduce error into the vertical-velocity estimates. An ER-
2 radar can measure the weak cloud 1op echoes with greater accuracy because of its

close proximity— often the cloud tops are only 3-5 km below the aircraft.

In addition to the overshooting portion of the storm, the surrounding anvil is of great
interest. Anvils produced by deep isolated thunderstorms are frequently extensive—much
larger than the core region itself. The horizontal extent, depth, and hydrology of the anvil
are related to storm factors such as updraft intensity, longevity, precipitation efficiency,
and vertical shear; yet, convection can perturb the mesoscale environment in such a way
as to feed on the convection itself. To better understand the complete dynamics of deep
convection, it is necessary to obtain improved observations of air motions within the anvil
region. Ground-based radars inherently obtain poor samples of the anvil region because of
its large horizontal extent (hundreds of kilometers). Furthermore, such radars are rarely
situated directly under the thunderstorm for ideal viewing; instead, they must observe
distant events. The mobility of an ER-2 radar makes it ideally suited for anvil-region

Studies.
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2.1.3 Structure of mesoscale convective systems

Within the past decade, considerable attention has been devoted to probing the two- and
three-dimensional structure of mesoscale convective systems (Figure 2-2). These systems,
extending a few hundred kilometers, are often composed of both convective and stratiform
precipitating regions. Updrafts of 20 m/s or more are common in the convective region
whereas the weaker stratiform circulations are driven largely by diabatic heating and
cooling processes such as melting of ice or evaporation of rain. While multiple Doppler
networks of ground based radars can be used to observe these mesoscale systems,
airborne platforms are better suited due to their greater mobility. Conventional techniques
require integration of the mass-continuity equation thereby resulting estimates of vertical
motion with sometimes larger than desirable uncertainties. Recently, the scanning pattern
of the NOAA P-3 radar has been changed to utilize an approach similar to that of
ELDORA. This has provided effective vertical incidence data in limited regions flyable by
the P-3 (Marks and Houze, 1987). An ER-2 based radar would have the mobility to

provide similar measurements from directly above convective storms.

2.1.4 Cloud microphysics

The EDOP radar should additionally have the capability to deduce the precipitation phase
of hydrometeors by making polarimetric measurements. The linear depolarization ratio
(LDR) is conventionally defined as the ratio of received power at two orthogonal

polarizations from a linearly-polarized transmitted pulse:

Zuy

Zun

LDR =10log

Hailstones tend to show no preference to polarization because they tumble during descent

due to their large size and typically exhibit LDR ratios of -10 dB. Raindrops, however,

16



Figure 2-2: Evolving structure of a mesoscale
convective system during initiation (1),
organization (II), and mature stages (III).
From Zipser (1987).



tend to flatten while falling resulting in ratios less than -30 dB. Snow takes on
intermediate values. The design of EDOP's antennas and radome provide moderate
isolation (~28 dB) between the polarizations; nevertheless, this should be sufficient to
discriminate hail from other hydrometeor types thereby providing additional justification

for assuming a particular hydrometeor fallspeed.

2.1.5 Testing of satellite precipitation algorithms

Ground-based radars offer excellent spatial and temporal coverage over limited regions,
but often weather systems are beyond range of these radars (e. g. no data exist over the
oceans). These ground-based measurements consequently provide insufficient
precipitation estimates for use in global-scale weather prediction, climate, and radiative-
transfer models. Spaceborne meteorological sensors such as the planned precipitation
radar and microwave radiometers on the Tropical Rainfall Measurement Mission (TRMM)
provide for the first time a comprehensive means of making these global measurements,
but much needs to be learned about algorithms combining passive-microwave and radar
measurements. Necessary pre-TRMM activities include development of precipitation
algorithms using existing satellite data, computer simulations, and measurements from
limited aircraft campaigns. Since the TRMM radar will be the first spaceborne
precipitation radar, there is limited experience with such measurements, and only recently
have airborne radars become available that can attempt to address the issue of the
limitations of a spaceborne radar. Although the operating frequency of EDOP is different
from that of TRMM, the less-attenuated wavelength should be valuable in this "combined”
algorithm development and provide necessary ground truth for calibrating spaceborne
radars. The dual-beam approach used by EDOP will additionally provide a unique
opportunity to test the dual-beam rainfall-estimation algorithm proposed by Testud
(1987) for use with airborne and spaceborne systems. This method uses a variational

approach to obtain path attenuation and relates it to the rain rate using a power law.
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2.2 Existing and proposed airborne radars .

There presently exists an abundance of airborne radars which can be grouped into two
general categories: precipitation and cloud radars. Precipitation radars are used to
measure the structure and evolution of actively precipitating and possibly convective
systems whereas cloud radars penetrate and observe the vertical distribution of cirrus,
stratocumulus, shallow cumulus, and other radiatively important cloud types. Often these
systems are designed for specific applications so it is important to confer the uniqueness of
EDOP in relation to existing and proposed systems (Table 2-1) and show its role in

advancing our understanding of meteorology.

The NOAA P-3 radar is mounted on the tail of the P-3 aircraft and scans in a helical
fashion to efficiently radiate the space around the aircraft. This radar, in operation since
1983, can sample reflectivity fields and provide both single- and dual-Doppler
observations from a maximum altitude of about 8 km. In the dual-Doppler mode, the
aircraft must fly a checkerboard flight track such that alternating flight tracks are normal
to each other. If the observed storms undergo significant changes during the data
collection period, the time difference between orthogonal tracks can result in large errors

in the calculated wind fields (Hildebrand and Moore, 1992),

The ELectra DOppler RAdar (ELDORA) is an X-band, scanning, dual-beam, stepped-
frequency system developed jointly by the National Center for Atmospheric Research
(NCAR) and the French Centre de Recherché en Physique de 1'Environnement (CRPE).
Under an agreement signed in 1990, NCAR supplied the transmitter, receiver, signal
processor, data system, and aircraft whereas CRPE provided the antennas (Hildebrand,

Testud, 1992)
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ELDORA/ASTRAEA flies between 8 and 10 km on the NCAR Electra making radial
dual-Doppler velocity and reflectivity measurements of storm structure and kinematics
with sufficient accuracy to derive thermodynamic properties of the storm such as

buoyancy, heat and water transport.

NASA's Jet Propulsion Laboratory began development of the Airborne Rain Mapping
Radar (ARMAR) in 1986. This DC-8 based, dual-wavelength, polarization diverse, pulse-
compression system will largely be used to validate TRMM (Imet al., 1992). It's short
term goals are to verify the TRMM radar system design, allow development and testing of
spaceborne rain-retrieval algorithms, and serve as a reference for the validation of TRMM
data after launch in 1997. This dedicated research tool will further serve as a testbed for

developing future spaceborne techniques and technologies for spaceborne rain radars.

An airborne rain-scatterometer/radiometer has been developed by the Radio Research
Laboratories (CRL) in Japan (Okamoto et al., 1982). This dual-wavelength, X- and K,-
band system has been operated on a variety of aircraft (e.g. Cessna 404, NASA T-39,
NASA DC-8, NASA P-3) at altitudes up to 12 km. This system was originally designed
to study the bright-band structure of rain but has since been used to examine hydrometeor

growth processes. It should be noted that this is a non-Doppler system.

The NASA Goddard Space Flight Center is presently developing a W-band (94-GHz),
polarization-diverse, scanning, Doppler radar to be flown with a host of ER-2 based
instruments including EDOP, CLS, AMPR, and MIR (Racette, Heymsfield, 1993). The
Doppler observations will provide insight into the dynamics of clouds. It will further serve

as a useful test-bed to determine the utility of a future spaceborne cloud radar.
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The Universities of Massachusetts and Wyoming have collaborated to produce a fully
polarimetric, W-band, King-Air based cloud radar (Vali, 1993). This system can be
pointed either horizontally or vertically perpendicular to the flight path to determine co-
and cross-polarization power and phase and Doppler velocity. Preliminary test flights
revealed an unexpected sharp peak in LDR at the melting-layer boundary. It is believed

that this is the result of an asymmetry in the melt-water distributions on the ice crystals.

Clearly no one instrument can do it all. 4 comprehensive package of passive- and active-
microwave sensors such as those on the ER-2 in conjunction with EDOP is ideal for

study of these complicated phenomena.

Table 2-1: Existing and Planned Airborne Meteorological Radars

Instrument | Frequency Band Operator Comments
NOAA-P3 | X NOAA scanning, dual-
Doppler
ELDORA/ | X NCAR/CRPE scanning, dual-
ASTRAEA (France) beam, stepped
frequency
ARMAR K, K, JPL polarization-
diverse, pulse-
compression,
TRMM simulator
CRL X, K, CRL (Japan) non-Doppler
CRS W NASA/GSFC | scanning,
polarization-
diverse, cloud
radar, still in
development phase
KING-AIR | W Universities of | fully polarimetric
Massachusetts/
Wyoming
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Chapter 3 - System Design

3.0 System Overview

EDOP is an X-band, dual-beam, polarization-diverse weather radar developed for the
NASA ER-2 aircraft (Heymsfield et. al., 1989; Heymsfield et. al., 1991). Figure 3-1
illustrates a typical configuration of EDOP and complementary instruments in the ER-2
payload bays. The system flies at a nominal altitude of 20 km (70,000 ft.) to map out
time-height sections of hydrometeor reflectivity as well as vertical and along-track wind
velocities (Figure 3-2). The nadir antenna measures co-polarization reflectivity, Doppler
velocity, and spectrum width. Its velocity measurements are used to provide a direct
indication of vertical air motion once the hydrometeor fall speed is removed. A second
forward-pointing antenna (30° from nadir) measures cross-polarization reflectivity in
addition to the previous parameters and can be used to determine the linear depolarization
ratio (LDR) useful for assessing hydrometeor ty